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RADIO FREQUENCY DEVICE, MULIT-BAND
PHASE SHIFTER ASSEMBLY, ANTENNA
SYSTEM, AND BASE STATION ANTENNA

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims the benefit of priority to
Chinese Patent Application No. 202210446082.7, filed on
Apr. 26, 2022, with the China National Intellectual Property
Administration, and the entire contents of the above-iden-
tified application are incorporated by reference herein.

TECHNICAL FIELD

The present disclosure generally relates to base station
antennas, and more specifically, to a radio frequency device,
a multi-band phase shifter assembly, an antenna system, and
a base station antenna.

BACKGROUND

Cellular communications systems are well known 1n the
art. In a cellular communications system, a geographic area
1s divided into a series of sections that are referred to as
“cells” which are served by respective base stations. The
base station may include one or more base station antennas
that are configured to provide two-way radio frequency
(“RF”) communications with mobile subscribers that are
within the cell served by the base station.

In order to accommodate the ever-increasing volumes of
cellular communications, cellular operators have added cel-
lular services 1n a variety of new frequency bands. In some
cases, 1t 15 possible to use linear arrays of so-called “wide-
band” or ‘“ultra wide-band” radiating elements to provide
service 1n multiple frequency bands. For example, a radiat-
ing element operating within a frequency range of 1.7 to 2.7
GHz can be used to support cellular services 1 multiple
different frequency bands that are at least partially within the
frequency range. Base station antennas may also typically
include multiple radiating element arrays that are designed
to operate 1n different frequency bands. For example, in a
common multi-band antenna system, the antenna may have
at least one linear array of one or more “low-band” radiating
clements providing service in some or all of 617 to 960 MHz
frequency bands (for example, Digital Dividend and/or
GSM900 at 790 to 862 MHz) and at least one linear array of
“medium-band” radiating elements providing service 1in
some or all of, for example, 1427 to 2690 MHz frequency
bands (for example, UTMS and/or GSM1800 at 1920 to
2170 MHz). However, the multi-band antenna often has an
increased width to accommodate the increased number of
radiating element arrays. Due to local zoning ordinances
and/or weight/wind loading constraints for antenna towers,
there are often limitations on the sizes of base station
antennas that can be deployed at a given base station. These
constraints may eflectively limit the number of radiating
clement arrays that may be included in the multi-band
antenna.

Most modern multi-band antennas include phase shifters
that are used to adjust the down tilt angle of the radiation
patterns or “‘antenna beams” generated by the radiating
clement arrays. Such down tilt angle adjustment may be
used to adjust the coverage area of each radiating element
array.

However, with the integration of more and more 1ire-
quency bands and more and more functional modules (for
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2

example, phase shifters, filters, coaxial cables and radiating
clement arrays, etc.) in the base station antenna, the instal-

lation space and/or operation space (such as welding space)
in the base station antenna is further restricted. This causes
the design size of some radio Irequency devices, for
example, phase shifters or filters, to be subject to strict
restrictions. A limited design size may result in smaller gaps
between transmission lines within the radio frequency
device, creating coupling interference between transmission
lines that may negatively allect radio frequency performance
of the radio frequency device. This 1s undesirable.

SUMMARY

An object of the present disclosure (but not the only object
of the present disclosure) 1s to provide a radio frequency
device, a multi-band phase shifter assembly, an antenna
system, and a base station antenna that are capable of
overcoming at least one of the defects 1n the prior art.

According to a first aspect of the present disclosure, a
radio frequency device 1s provided, and the radio frequency
device may include: a substrate; a first transmission line
printed on a first major surface of the substrate; a second
transmission line adjacent the first transmission line and
printed on the first major surface of the substrate; a meta-
surface decoupling element printed on the first major surface
of the substrate, where the metasurface decoupling element
1s arranged between the first transmission line and the
second transmission line.

According to a second aspect of the present disclosure, a
multi-band phase shifter assembly 1s provided, and the
multi-band phase shifter assembly may include: a first phase
shifter, configured to perform a phase shift operation on
sub-components of a first radio frequency signal in a first
frequency band; a second phase shifter, configured to per-
form a phase shiit operation on sub-components of a second
radio frequency signal in a second frequency band, the
second frequency band being different from the first fre-
quency band; and a plurality of first filters which are
configured to pass the first radio frequency signal while
blocking the second radio frequency signal, where an input
of each first filter 1s connected to a corresponding output port
of the first phase shifter. The multi-band phase shifter
assembly may also include a plurality of second filters which
are configured to pass a second radio frequency signal while
blocking the first radio frequency signal, where an mput of
cach second filter 1s connected to a corresponding output
port of the second phase shifter; a first metasurface decou-
pling element, arranged within a first gap between two
adjacent first filters; and a second metasurface decoupling
clement, arranged within a second gap between two adjacent
second filters.

According to a third aspect of the present disclosure, an
antenna system 1s provided, and the antenna system may
include a multi-band phase shifter assembly according to
some embodiments of present disclosure; a radiating ele-
ment array, which 1s configured to operate 1n at least a first
frequency band and a second frequency band, wherein a
common output port of the multi-band phase shifter assem-
bly 1s electrically connected with at least a part of the
radiating elements 1n the radiating element array.

According to a fourth aspect of the present disclosure, a
base station antenna 1s provided, the base station antenna
includes the radio frequency device according to some
embodiments ol present disclosure or includes the antenna
system according to some embodiments of present disclo-
sure.
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The above and other aspects and objects of the present
disclosure will be described herein, and/or will be apparent
based on the description provided herein.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure will be explained 1n greater detail
by means of specific embodiments with reference to the
attached drawings. The drawings are brietly described as
follows.

FIG. 1 1s a block diagram of an antenna system according,
to some embodiments of the present disclosure;

FIG. 2 1s a front view ol a multi-band phase shifter
assembly according to a first embodiment of the present
disclosure.

FIG. 3 1s a front view of a multi-band phase shifter
assembly according to a second embodiment of the present
disclosure.

FIG. 4 1s a back view of the multi-band phase shifter
assembly of FIG. 3.

FIG. 5 1s a partial sectional perspective view of the
multi-band phase shifter assembly of FIG. 3 that shows a
conductive structure 1n the multi-band phase shifter assem-
bly.

FIG. 6 1s a perspective view ol the conductive structure of
FIG. S.

FIG. 7 1s a front view of a first arrangement of a
metasurface decoupling element according to some embodi-
ments ol the present disclosure.

FIG. 8 1s a front view of a second arrangement of a
metasurface decoupling element according to some embodi-
ments ol the present disclosure.

DETAILED DESCRIPTION

The present disclosure will be described below with
reference to the attached drawings, which illustrate certain
embodiments of the present disclosure. However, 1t should
be understood that the present disclosure may be presented
in many different ways and 1s not limited to the embodi-
ments described below; 1n fact, the embodiments described
below are intended to make the disclosure of the present
disclosure more complete and to fully explain the protection
scope of the present disclosure to those of ordinary skill 1n
the art. It should also be understood that the embodiments
disclosed 1n the present disclosure may be combined 1n
various ways so as to provide more additional embodiments.

It should be understood that the terms used herein are only
used to describe specific embodiments, and are not intended
to limit the scope of the present disclosure. All terms used
herein (including technical terms and scientific terms) have
meanings normally understood by those skilled 1n the art
unless otherwise defined. For brevity and/or clarity, well-
known functions or structures may not be further described
in detail.

As used herein, when an element 1s said to be “on”
another element, “attached” to another element, “connected”
to another element, “coupled” to another element, or “in
contact with” another element, etc., the element may be
directly on another element, attached to another element,
connected to another element, coupled to another element,
or 1n contact with another element, or an intermediate
clement may be present. In contrast, 1 an eclement is
described as “directly” “on” another element, “directly
attached” to another element, “directly connected” to
another element, “directly coupled” to another element or
“directly 1n contact with” another element, there will be no
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4

intermediate elements. As used herein, when one feature 1s
arranged “adjacent” to another feature, it may mean that one
feature has a part overlapping with the adjacent feature or a
part located above or below the adjacent feature.

As used herein, spatial relationship terms such as “upper,”
“lower,” “left,” “night,” “front,” “back,” “high,” and “low”
can explain the relationship between one feature and another
in the drawings. It should be understood that, in addition to
the orientations shown in the attached drawings, the terms
expressing spatial relations also comprise diflerent orienta-
tions of a device 1n use or operation. For example, when a
device 1n the attached drawings rotates reversely, the fea-
tures originally described as being “below” other features
now can be described as being “above” the other features™.
The device may also be oriented by other means (rotated by
90 degrees or at other locations), and at this time, a relative
spatial relation will be explained accordingly.

As used herein, the term “A or B” comprises “A and B”
and “A or B,” not exclusively “A” or “B,” unless otherwise
specified.

As used herein, the term “schematic” or “exemplary”
means “serving as an example, istance or explanation,” not
as a “model” to be accurately copied”. Any realization
method described exemplarily herein may not be necessarily
interpreted as being preferable or advantageous over other
realization methods.

As used herein, the word “basically” means including any
minor changes caused by design or manufacturing defects,
device or component tolerances, environmental influences,
and/or other factors.

In addition, for reference purposes only, “first,” “second”
and similar terms may also be used herein, and thus are not
intended to be limitative. For example, unless the context
clearly indicates, the words “first,” “second” and other such
numerical words involving structures or elements do not
imply a sequence or order.

It should also be understood that when the term “com-
prise/include” 1s used herein, 1t indicates the presence of the
specified feature, entirety, step, operation, unit and/or com-
ponent, but does not exclude the presence or addition of one
or a plurality of other features, steps, operations, units and/or
components and/or combinations thereof.

The present disclosure proposes a radio frequency device,
which may be realized as a printed circuit board, which may
include a dielectric substrate, a first transmission line and a
second transmission line printed on a first major surface of
the substrate, and a metasurface decoupling element printed
between the first transmission line and the second transmis-
sion line. The metasurface decoupling element may be
configured to at least partially reduce undesirable coupling
between the first transmission line and the second transmis-
s10on line, thereby improving radio frequency performance of
the radio frequency device. When the coupling between the
first transmission line and the second transmaission line 1s
capacitive coupling, the metasurface decoupling element
may be configured as an inductive decoupling element at
least within the operating frequency band of the radio
frequency device so as to at least partially cancel the
capacitive coupling between the first transmission line and
the second transmission line. When the coupling between
the first transmission line and the second transmission line 1s
inductive coupling, the metasurface decoupling eclement
may be configured as a capacitive decoupling element at
least within the operating frequency band of the radio
frequency device so as to at least partially cancel the
inductive coupling between the first transmission line and
the second transmission line.

2T L




US 12,444,838 B2

S

The metasurface decoupling element may include or be
configured as a plurality of periodically arranged metal
pattern units. The frequency characteristics of the metasur-
face decoupling element may be adjusted by changing the
shape, number, and/or arrangement of the metal pattern units
in order to better adapt to the coupling characteristics
between the first transmission line and the second transmis-
s1on line.

It should be understood that the radio frequency device of
the present disclosure may be a variety of functional devices
applied 1n base station antennas, and 1s not limited to the
type of devices described 1n specific embodiments. In some
embodiments, the radio frequency device may be a phase
shifter or a power divider. In other example embodiments,
the radio frequency device may be a filter, a duplexer, a
combiner, a feed board or the like.

Next, the radio frequency device of some embodiments of
the present disclosure 1s described in detail using a multi-
band phase shifter assembly as an example.

FIG. 1 1s a block diagram of an antenna system according,
to some embodiments of the present disclosure. The antenna
system 10 may include at least one radiating element array
20 (which may be configured as a wideband radiating
clement array 20 capable of operating in a first frequency
band and a second frequency band) and a radio frequency
device configured as a multi-band phase shifter assembly
100. The multi-band phase shifter assembly 100 may be
configured to recerve one or more radio frequency signals 1n
different frequency bands from a radio device (e.g., a radio),
and feed the corresponding radio frequency signals to the
radiating element array 20 after performing a phase shift
operation on sub-components of the corresponding radio
frequency signals 20. As shown 1 FIG. 1, the multi-band
phase shifter assembly 100 may include first and second RF
ports that are configured to receive respective a first and
second radio frequency signals RF1, RF2 that are 1n respec-
tive first and second frequency bands, first and second phase

shifters 110, 130, and first and second filter banks 120, 140.
Each filter bank 120, 140 may include a plurality of indi-
vidual filters such as diplexers. The multi-band phase shifter

assembly 100 1s configured to receive the first radio ire-
quency signal RF1 (e.g., from a first radio) and to feed each
phase-shifted sub-component of the first radio frequency
signal RF1 to the radiating element array 20, and to receive
the second radio frequency signal RF2 (e.g., from a second
radio) and to feed each phase-shifted sub-component of the
second radio frequency signal to the radiating element array
20.

FIG. 2 1s a front view of a multi-band phase shifter
assembly 100" according to a first embodiment of the present
disclosure that may be used to implement the multi-band
phase shifter assembly of FIG. 1. The multi-band phase
shifter assembly 100" may include a first phase shifter 110’
for a first radio frequency signal of a first frequency band, a
first filter bank 120' coupled to the first phase shifter 110', a
second phase shifter 130" for a second radio frequency signal
of a second frequency band, and a second filter bank 140
coupled to the second phase shifter 130" In a first embodi-
ment, the first phase shufter 110" and the second phase shifter
130" are designed to be arranged side by side 1n the vertical
direction on the same plane. Each filter bank 120', 140" may
include a plurality of individual filters, such as diplexers.

FIG. 3 1s a diagram of the multi-band phase shifter
assembly 100 according to a second embodiment of the
present disclosure that corresponds to the multi-band phase
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6

shifter assembly 100 of FIG. 1. FIG. 4 shows a back-side
view of the multi-band phase shifter assembly 100 of FIG.
3.

As shown 1n FIG. 3 and FIG. 4, the multi-band phase
shifter assembly 100 may include a substrate 101 (for
example, a dielectric substrate), a first phase shifter 110
configured to perform a phase shilt operation on sub-
components of the first radio frequency signal in the first
frequency band, a first filter bank 120 coupled to the first
phase shifter 110, a second phase shifter 130 configured to
perform a phase shift operation on sub-components of the
second radio frequency signal in the second frequency band,
and a second filter bank 140 coupled to the second phase
shifter 130.

Each phase shitter 110, 130, 110', and 130’ in the multi-
band phase shifter assemblies 100 and 100" according to first
and second embodiments of the present disclosure may be
configured as a varniable differential, arcuate phase shifter or
a rotary wiper arm phase shifter as described in U.S. Pat. No.
7,907,096 (incorporated 1nto the present disclosure by ret-
erence). In the corresponding arcuate phase shifter, a rotat-
able wiper arm couples sub-components of an RF signal to
selected positions along one or more fixed arc-shaped trans-
mission lines.

Unlike the multi-band phase shifter assembly 100" accord-
ing to the embodiment of FIG. 2, the first phase shifter 110
and the second phase shifter 130 of the multi-band phase
shifter assembly 100 according to the embodiment of FIG.
3 may form a superimposed structure. The first phase shifter
110 may be arranged on a first surface of the substrate 101,
and the second phase shifter 130 may be arranged on a
second surface of the substrate 101 opposite the first surface.

Next, this superimposed structure of the multi-band phase
shifter assembly 100 of the second embodiment of the
present disclosure will be described 1n detail with reference

to FIGS. 3 to 7.

As shown 1n FIGS. 3 and 4, the first phase shifter 110 and
the second phase shifter 130 may be respectively configured
as, for example, a rotary wiper arm phase shifter. As shown
in FIG. 3, the first rotary wiper arm phase shifter 110 may
include a first input port 105, a first output port 106, a second
output port 107, a first printed trace 103 (an arc-shaped
transmission line in the drawing) and a first wiper arm 108
clectrically connected between the input port 105 and both
the first output port 106 and the second output port 107. In
some embodiments, the first wiper arm 108 may be config-
ured as a first wiper arm PCB, and a first coupling portion
and a second coupling portion are electrically connected to
cach other and printed on the first wiper arm PCB. The first
coupling portion 1s coupled to the first input port 105 of the
first rotary wiper arm phase shifter 110 via a printed trace,
and the second coupling portion 1s coupled to the first
printed trace. The first wiper arm 108 may be configured to
couple the first input port 105 to the first printed trace 103
and to be capable of sliding relative to the first printed trace
103 so as to adjust the phase change experienced by the
sub-components of the RF signal received at the first input
port 105 that are output at the corresponding output ports
106 and 107. In other words, the rotatable first wiper arm
108 1s configured to couple the first and second sub-com-
ponents ol a {first radio frequency signal to an adjustable
position along the fixed arc-shaped transmission line 103 to
perform a phase shift operation for the first and second
sub-components of the first radio frequency signal that are
output at the first and second output ports 106 and 107. The
wiper arm 108 1s similarly configured to couple additional
sub-components of the first radio frequency signal to adjust-
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able positions along two additional fixed arc-shaped trans-
mission lines to perform phase shift operations for the
additional sub-components of the first radio frequency signal
that are output at the output ports coupled to the two
additional fixed arc-shaped transmission lines. The first
phase shifter 110 further includes a seventh output that 1s
coupled to the first mnput port 105 via a power divider. The
sub-component of the first radio frequency signal that 1s
output at the seventh output port undergoes a fixed phase
shift since this sub-component 1s not coupled to the move-
able wiper arm 108.

As shown 1n FIG. 4, the second rotary wiper arm phase
shifter 130 may include a first imnput port 131, a first output
port 132, a second output port 133, a second printed trace
104 (an arc-shaped transmission line in the drawing) and a
second wiper arm 109 electrically connected between the
first output port 132 and the second output port 133. In some
embodiments, the second wiper arm 109 may be configured
as a second wiper arm PCB, and a first coupling portion and
a second coupling portion are electrically connected to each
other and printed on the second wiper arm PCB. The first
coupling portion 1s coupled to the mput port 131 of the
second rotary wiper arm phase shifter 130 via a printed
trace, and the second coupling portion 1s coupled to the
second printed trace. The second wiper arm 109 may be
configured to couple the first mnput port 131 to the second
printed trace 104 and to be capable of sliding relative to the
second printed trace 104 so as to adjust the phase change
experienced by the sub-components of the RF signal
received at the first mput port 131 that are output at the
corresponding output ports 132 and 133. In other words, the
rotatable second wiper arm 109 1s configured to couple first
and second sub-components of the second radio frequency
signal first mput port to an adjustable position along the
fixed arc-shaped transmission line 104 to perform a phase
shift operation for the first and second sub-components of
the second radio frequency signal that are output at the first
and second outputs 132, 133. The wiper arm 109 1s similarly
configured to couple additional sub-components of the sec-
ond radio frequency signal to adjustable positions along two
additional fixed arc-shaped transmission lines to perform
phase shift operations for the additional sub-components of
the second radio frequency signal that are output at the
output ports coupled to the two additional fixed arc-shaped
transmission lines. The second phase shifter 130 further
includes a seventh output that 1s coupled to the first mput
port 131 via a power divider. The sub-component of the
second radio frequency signal that 1s output at the seventh
output port undergoes a fixed phase shift since this sub-
component 1s not coupled to the moveable wiper arm 109.

Each phase shifter may have, for example, 5, 7, 9 or more
output ports. In the illustrated embodiment, the phase shifter
has 7 output ports, of which 6 are differentially variably
phase-shifted and 1 maintains an output of a fixed phase.
However, an output that has a fixed phase relation with the
input 1s optional. As a result, the first phase shifter 110 and
the second phase shifter 130 may respectively perform 1:7
of power distribution along the radio transmission direction
(1.e., each phase shifter 110, 130 may divide radio frequency
signals mnput thereto into seven sub-components, which may
or may not have the same magnitude). In other embodi-
ments, the first phase shifter 110 and the second phase shifter
130 may also respectively perform, for example, 1:5 or 1:9
or other ratios (including even ratios) of power distribution
along the radio transmission direction. However, with the
phase shifters 110, 130 integrated with more output ports,
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the limited wiring space on the printed circuit board
becomes more compact, thereby narrowing the gap between
the transmission lines.

In addition to a phase shift circuit, each phase shifter
printed circuit board further includes a filter bank that
includes a plurality of individual filters. As shown in FIGS.
3 and 4, the first filter bank 120 includes seven i1ndividual
filters. The mput of each filter 1s connected to a correspond-
ing output port of the first rotary wiper arm phase shifter 110.
Similarly, the second filter 140 1s schematically depicted as
a second filter bank that includes a plurality of individual
filters. The mput of each filter in the second filter bank 140
1s connected to a corresponding output port of the second
rotary wiper arm phase shifter 130. An output of each filter
in the first filter bank 120 and a corresponding output of a
respective filter 1n the second filter bank 140 may be
clectrically connected with each other and together electr-
cally connected to or jointly form a common output port 122
of the multi-band phase shifter assembly 122. In other
words, each common output port 122 of the multi-band
phase shifter assembly 100 may be electrically connected to
an output end of a respective filter in the first filter bank 120
and to an output of a respective filter 1n the second filter bank
140, respectively. In the illustrated embodiment, the multi-
band phase shifter assembly 100 exemplarily has 7 common
output ports 122, which respectively feed the corresponding
radiating elements.

In the 1llustrated embodiment, the first filter bank 120 and
the second filter bank 140 may be printed as filter microstrip
lines (for example, resonant stubs, or stepped impedance
microstrip lines) on corresponding circuit printed boards and
printed 1ntegrally with corresponding phase shift circuits. In
other words, the first rotary wiper arm phase shifter 110 and
the corresponding first filter bank 120 may be integrated on
a first printed circuit board, and the second rotary wiper arm
phase shifter 130 and the corresponding second filter bank
140 may be integrated on a second printed circuit board.
Such an integration structure 1s advantageous in that 1t can
simplity the composition of the antenna system and can also
save space. For example, unnecessary cable connections can
be omitted.

The first filter bank 120 may be configured to pass the
sub-components of the first radio frequency signal while
blocking the sub-components of the second radio frequency
signal, and the second filter 140 may be configured to pass
the sub-components of the second radio frequency signal
while blocking the sub-components of the first radio fre-
quency signal. In some embodiments, the first filter bank
120 and the second filter bank 140 may be respectively
configured as band-rejection filters. In some embodiments,
the first filter bank 120 and the second filter bank 140 may
be respectively configured as band-pass filters.

In the illustrated embodiment, each corresponding filter
may be formed by providing one or more resonant stubs
along a transmission line, which can be used as a band-
rejection filter to block energy 1n a specific frequency band.
The resonant frequency mainly depends on the length of the
stub(s) and how the stub(s) 1s/are terminated, for example, a
quarter-wavelength open stub or a half-wavelength short-
circuit stub.

It should be understood that those skilled 1n the art can
casily recognize other types of filters, which can be used
without departing from the scope and spirit of the present
disclosure. In some embodiments, the filters may be con-
figured separately from the phase shifter and may be elec-
trically connected with each other via a coaxial cable. In
some embodiments, the first filter bank 120 and/or the
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second filter bank 140 may be configured as notch filters,
respectively. In some embodiments, the first filter bank 120
and/or the second filter bank 140 may be configured as
cavity filters, respectively. Details are not described herein
again.

Referring to FIGS. 5 and 6, a conductive structure 126 for
clectrically connecting the first filter 120 and the second
filter 140 1n the multi-band phase shifter assembly 100
according to some embodiments of the present disclosure 1s
shown 1n detail. The multi-band phase shifter assembly 100
1s configured to feed the sub-components of the radio
frequency signals to respective sub-arrays of radiating ele-
ments of the radiating element array 20 via the coaxial
cables 134 (as shown 1n FIGS. 1, 3 and 4). Common output
ports 122 are provided on the multi-band phase shifter
assembly 100 for electrically connecting each coaxial cable
to a respective sub-array. These common output ports 122
may be arranged at lateral edges of the multi-band phase
shifter assembly 100 or the corresponding printed circuit
board, so that the end portion of the coaxial cable extends in
a direction substantially parallel to the printed circuit board
and 1s welded thereto. Such a welding operation 1s relatively
ellicient and simple.

Continuing to refer to FIG. 5, each common output port
122 may be electrically connected to an output of a respec-
tive filter 1n the first filter bank 120. The outputs of the filters
of the second filter bank 140 on the back side may be
clectrically connected to the corresponding outputs of the
filters of the first filter bank 120 via the conductive structures
126 and then electrically connected to the corresponding
common output port 122. As seen in FIG. 1, the sub-
components of the first radio frequency signal may reach the

common output ports 122 via the first phase shifter 110 and
the first filter bank 120 and may be fed to respective
sub-arrays of the radiating element array 20 by the coaxial
cables 134 that are connected to the common output ports
122. The second radio frequency signal may reach the
common output ports 122 via the second phase shifter 130,
the second filter bank 140, and the conductive structures 126
and may be fed to the respective sub-arrays of the radiating
clement array 20 by the coaxial cables 134 that are con-
nected to the common output ports 122.

FIG. 5 also shows that each conductive structures 126
may span the substrate 101. A channel may be provided in
the substrate 101. A first opening corresponding to the
channel 1s provided on the first printed circuit board (on
which the first phase shifter 1s implemented), and a second
opening corresponding to the channel 1s provided on the
second printed circuit board (on which the second phase
shifter 1s 1mplemented). A first end portion 1261 of the
conductive structure 126 1s electrically connected, for
example, welded, to an output of a filter of the first filter
bank 120 via the first opening, and a second end portion
1262 of the conductive structure 126 1s electrically con-
nected, for example, welded, to an output of a filter of the
second filter bank 140 via the second opening, thereby
achieving an electrical connection between the two filters. It
should be understood that, in the current embodiment, the
first printed circuit board and the second printed circuit
board are two separate printed circuit boards, and the
substrate between the two printed circuit boards 1s used to
strengthen the structural strength of the entire phase shifter
assembly.

FIG. 6 shows the exemplary conductive structure 126 in
FIG. 5, which 1s configured 1n the form of a metal conduc-
tive pillar. The conductive structure 126 includes narrowed
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sections as electrical connection ends and a widened section
configured to be received in the channel.

It should be understood that those skilled 1n the art can
casily recognize other types of conductive structures 126,
which can be used without departing from the scope and
spirit of the present disclosure. In some embodiments, the
conductive structure 126 may be configured as a coaxial
connector.

The above superimposed structure of the multi-band
phase shifter assembly 100 1s advantageous. The wiring
flexibility of each phase shifter 110, 130 along with the
corresponding filter banks 120, 140 may be improved. In
addition, based on wiring flexibility, welding ends 122 for
the coaxial cables 134 may be provided at lateral edges of
the multi-band phase shifter assembly 100, thereby facili-
tating the welding operation. Further, based on this super-
imposed structure, the width of the multi-band phase shifter
assembly 100 may be significantly reduced, for example, by
at least half compared to the embodiment of FIG. 2, thereby
forming a compact structure. In some embodiments, the
width of each phase shifter 110 and 130 may be less than 100
mm, 90 mm, 80 mm, 70 mm or even 50 mm, which is
extremely advantageous for the originally compact internal
space.

However, such a compact design size may cause the
distance between the transmission lines of the multi-band
phase shifter assembly 100, for example, the gap between
filter branches, to become smaller, thereby creating coupling
interference between adjacent transmission lines, {for
example, filtering branches, which may negatively aflect the
radio frequency performance of the multi-band phase shifter
assembly 100, for example, the down tilt angle adjustment
performance. In some cases, although a portion of coupling
interference may be reduced by rewiring, this may nega-
tively 1mpact filter performance and/or return loss perfor-
mance. Furthermore, in some cases, the coupling interfer-
ence may be partially reduced by providing slots on the
ground layer, but this may 1n turn result 1n a risk of leakage
of RF signal.

As a result, the multi-band phase shifter assembly 100 of
the present disclosure may include: one or a plurality of first
metasurtace decoupling elements 81, each of which may be
printed within a gap between two adjacent filters of the first
filter bank 120; one or a plurality of second metasurface
decoupling elements 82, each second metasurface decou-
pling element 82 may be printed within a gap between two
adjacent filters of the second filter bank 140.

It should be understood that corresponding metasurface
decoupling elements 81' and 82' may be provided between
adjacent filters in the multi-band phase shifter assembly 100
of the second embodiment, and also the multi-band phase
shifter assembly 100' of the first embodiment, as shown 1n
FIG. 2. It will also be appreciated that metasurface decou-
pling elements 81, 82 may be placed in between other
portions ol adjacent transmission lines to reduce coupling
therebetween.

Continuing to FIGS. 3 and 4, the multi-band phase shifter
assembly 100 may include a plurality of first metasurface
decoupling elements 81 and a plurality of second metasur-
face decoupling eclements 82, each first metasurface decou-
pling clement 81 i1s arranged within a gap between two
adjacent filters of the first filter bank 120, respectively, for at
least partially reducing coupling between two the adjacent
filters, for example, filter branches, and each second meta-
surface decoupling element 82 1s arranged within a gap
between two adjacent filters of the second filter bank 140,
respectively, for at least partially reducing coupling between
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the adjacent filters, for example, filter branches. It should be
understood that the corresponding metasurface decoupling
clements extend substantially following the trajectory and/or
shape of the gap between two adjacent filters. In other
words, when the gap between two adjacent filters has a
locally curved shape, the metasurface decoupling element
may also extend locally curved.

It should be understood that the corresponding metasur-
tace decoupling elements need not be provided between
every pair of adjacent filters, but only for those pairs of
filters having large coupling interferences and/or narrow
gaps therebetween. For example, when the coupling inter-
ference between two adjacent filters exceeds a predeter-
mined threshold, a metasurface decoupling element may be
printed therebetween. For example, when the gap between
two adjacent filters 1s smaller than a predetermined value,
for example, 10 mm, 8 mm, 6 mm, 4 mm or 2 mm or even
1 mm, the corresponding metasurface decoupling element
may be printed therebetween.

Each metasurface decoupling element may include or be
configured as a plurality of periodically arranged metal
pattern units. The frequency characteristics of the metasur-
tace decoupling element may be adjusted by changing the
shape, number, and/or arrangement of the metal pattern
units.

To adapt to the frequency characteristics of the filters of
the first filter bank 120, the first metasurface decoupling
clements 81 may be configured to present decoupling char-
acteristics at least within the first operating frequency band.
To adapt to the frequency characteristics of the filters of the
second filter bank 140, the second metasurface decoupling
clements 82 may be configured to present decoupling char-
acteristics at least within the second operating frequency
band.

When the coupling between two adjacent filters of the first
filter bank 120 1s inductive coupling/capacitive coupling, the
first metasurtface decoupling elements 81 may be configured
as capacitive decoupling elements/inductive decoupling ele-
ments at least within the first operating frequency band, so
as to at least partially cancel the inductive coupling/capaci-
tive coupling between the two filters. When the coupling
between two adjacent filters of the second filter bank 140 1s
inductive coupling/capacitive coupling, the second metasur-
tace decoupling elements 82 may be configured as capaci-
tive decoupling elements/inductive decoupling elements at
least within the second operating frequency band so as to at
least partially cancel the imnductive coupling/capacitive cou-
pling between the two {filters.

In some embodiments, the number, shape and/or arrange-
ment of the metal pattern units of the first metasurface
decoupling elements 81 may be configured differently than
the number, shape and/or arrangement of the metal pattern
units of the second metasurface decoupling elements 82. As
shown 1n FIGS. 7 and 8, two exemplary embodiments of
metasurface decoupling elements are shown, respectively,
which have different metal pattern unit shapes respectively.
As shown 1 FIG. 7, the metasurface decoupling elements
81, 82 include a plurality of trace sections spaced apart from
cach other and arranged in parallel, each trace section
extends from the first transmission line towards the second
transmission line. As shown in FIG. 8, the metasurface
decoupling elements 81, 82 include a plurality of hollow
trace frames spaced apart from each another and arranged
linearly. In some embodiments, the frequency characteristics
of the metasurface decoupling element may also be changed
by adjusting the number of metal pattern units. For example,
an array of metal pattern units having a first length may be
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provided between adjacent filters of the first filter bank 120,
while an array of metal pattern units having a second length
different from the first length may be provided between
adjacent filters of the second filter bank 140. It should be
understood that the shape, number and/or arrangement of the
metal pattern units of the metasurface decoupling element
may have a variety of variations, and should not be limited
to the solutions described 1n specific embodiments.
Although exemplary embodiments of the present disclo-
sure have been described, those skilled in the art should
understand that many varnations and modifications are pos-
sible 1n the exemplary embodiments without materially
departing from the spirit and scope of the present disclosure.
Therefore, all variations and changes are included in the
protection scope of the present disclosure defined by the
claims. The present disclosure 1s defined by the attached
claims, and equivalents of these claims are also included.

What 1s claimed 1s:

1. A radio frequency device, including:

a substrate:

a first radiating element;

a second radiating element;

a first transmission line on a first major surface of the
substrate, the first transmission line coupled to the first
radiating element;

a second transmission line adjacent to the first transmis-
sion line and on the first major surface of the substrate,
the second transmission line coupled to the second
radiating element; and

a metasurface decoupling element printed on the first
major surface of the substrate, where the metasurface
decoupling element 1s arranged between the first trans-
mission line and the second transmission line.

2. The radio frequency device according to claim 1,
wherein the metasurface decoupling element includes a
plurality of periodically arranged metal pattern units.

3. The radio frequency device according to claim 2,
wherein the gap between the first transmission line and the
second transmission line 1s smaller than 10 mm.

4. The radio frequency device according to claim 1,
wherein the metasurface decoupling element 1s configured
as an inductive decoupling element at least within an oper-
ating frequency band of the radio frequency device.

5. The radio frequency device according to claim 1,
wherein the metasurface decoupling element 1s configured
as a capacitive decoupling element at least within an oper-
ating frequency band of the radio frequency device.

6. The radio frequency device according to claim 1,
wherein the metasurface decoupling element includes a
plurality of trace sections spaced apart from each other and
arranged 1n parallel, and wherein each trace section extends
from the first transmaission line towards the second trans-
mission line.

7. A radio frequency device, including:

a substrate;

a first transmission line on a first major surface of the

substrate;

a second transmission line adjacent to the first transmis-
sion line and on the first major surface of the substrate;
and

a metasurface decoupling element on the first major
surface of the substrate, where the metasurface decou-
pling element 1s arranged between the first transmission
line and the second transmission line,

wherein the radio frequency device 1s configured as a
duplexer or a phase shifter.
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8. A radio frequency device, mcluding:

a substrate:

a first transmission line on a first major surface of the
substrate;

a second transmission line adjacent to the first transmis-
sion line and on the first major surface of the substrate;
and

a metasurface decoupling element on the first major
surface of the substrate, where the metasurface decou-
pling element 1s arranged between the first transmission
line and the second transmission line,

wherein the first transmission line comprises a plurality of
first filters and the second transmission line comprises
a plurality of second filters.

9. The radio frequency device according to claim 8,
wherein the metasurface decoupling element comprises a
first metasurface decoupling element and a second metasur-
face decoupling element.

10. The radio frequency device according to claim 9,
turther comprising:

a first phase shifter, configured to perform a phase shift
operation on sub-components of a first radio frequency
signal 1n a first frequency band; and

a second phase shifter, configured to perform a phase shift
operation on sub-components of a second radio fre-
quency signal i a second frequency band, the second
frequency band being different from the first frequency
band,

wherein the plurality of first filters are configured to pass
the first radio frequency signal while blocking the
second radio frequency signal, in which, an mput of
cach first filter 1s connected to a corresponding output
port of the first phase shifter,

wherein the plurality of second filters are configured to
pass a second radio frequency signal while blocking the
first radio frequency signal, 1n which, an mput of each
second {ilter 1s connected to a corresponding output
port of the second phase shifter,

wherein a first metasurface decoupling element 1s
arranged within a first gap between two adjacent first
filters, and

wherein a second metasurface decoupling element 1s
arranged within a second gap between two adjacent
second filters.

11. The radio frequency device according to claim 10,

wherein

the first metasurface decoupling element 1s configured as
an inductive decoupling element at least within the first
frequency band; and

the second metasurface decoupling element 1s configured
as an inductive decoupling element at least within the
second frequency band.

12. The radio frequency device according to claim 10,

wherein

the first metasurtace decoupling element 1s configured as
a capacitive decoupling element at least within the first
frequency band; and

the second metasurface decoupling element 1s configured
as a capacitive decoupling element at least within the
second frequency band.
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13. The radio frequency device according to claim 10,
wherein the first metasurface decoupling element and the
second metasurface decoupling element each include a
plurality of periodically arranged metal pattern units.

14. The radio frequency device according to claim 8,
wherein a number, shape and/or arrangement of the metal
pattern units of the first metasurface decoupling element 1s
different from a number, shape and/or arrangement of the
metal pattern units of the second metasurface decoupling
clement.

15. The radio frequency device according to claim 8,
wherein the metasurface decoupling element comprises:

a plurality of first metasurface decoupling elements,
wherein each first metasurface decoupling element 1s
arranged within a respective first gap between two
adjacent first filters; and

a plurality of second metasurface decoupling elements,
wherein each second metasurface decoupling element
1s arranged within a respective second gap between two
adjacent second filters.

16. The radio frequency device according to claim 10,

wherein

the first phase shifter 1s mounted on a first major surface
of the substrate and the second phase shifter 1s mounted
on a second major surface of the substrate opposite the
first major surface, and

the first metasurface decoupling element 1s on the first
major surface of the substrate and the second metasur-
face decoupling element 1s on the second major surface
of the substrate.

17. The radio frequency device according to claim 16,
further comprising a conductive structure extending within
the substrate between the first major surface and the second
major surface, the conductive structure configured to elec-
trically connect an output of a first filter with a correspond-
ing output of a second filter.

18. The radio frequency device according to claim 16,
wherein the first metasurface decoupling element and the
second metasurface decoupling element each include a
plurality of periodically arranged metal pattern units, and
wherein a number, shape and/or arrangement of metal
pattern units of the first metasurface decoupling element 1s
different from a number, shape and/or arrangement of the
metal pattern units of the second metasurface decoupling
clement.

19. The radio frequency device according to claim 7,
further comprising;:

a first radiating element; and

a second radiating element,

wherein the first transmission line 1s coupled to the first
radiating element, and

wherein the second transmission line 1s coupled to the
second radiating element.

20. The radio frequency device according to claim 7,

wherein

the substrate 1s a printed circuit board substrate; and

the first transmission line, the second transmission line,
and the metasurtace decoupling element are printed
metal patterns on the first major surface of the sub-
strate.
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